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Abstract: This study examined the hot deformation behavior and workability characteristics of AZ91 
Mg alloy powder compacts by performing hot compression tests with a Gleeble 3800 machine. To this 
end, powder compacts with a relative green density of 93% were hot-compressed at temperatures ranging 
from 150 1C t o 5 0 0 1C and at true strain rates ranging from 0.001 s−1 to 10 s−1. The true stress–true strain 
curves peaked at low strains, after which the flow stress increased slightly or remained constant. The 
work hardening rate decreased with increasing deformation temperature or strain rate. Processing maps 
were developed for all of the hot compression tests at strains of 0.1, 0.5, and 0.8, which represented a safe 
deformation domain at deformation temperatures and strain rates in the ranges of 150–300 1C and 0.001–
0.01 s−1. Kinetic analysis of the flow stress data for the safe deformation domain yielded an activation 
energy of 75 kJ/mol which is lower than those previously reported for the hot compression of bulk AZ91 
Mg alloy. According to the developed processing maps and the microstructures of the hot-compressed 
specimens, the optimum hot working window for AZ91 Mg alloy powder compacts was determined to lie 
between 275–325 1C and 0.001–0.01 s−1.
1. Introduction
Having a density of 1.74 g/cm3, Mg is considered as the lightest
engineering metal available. It is 35% lighter than aluminum
(2.7 g/cm3) and over four times lighter than iron (7.87 g/cm3) [1,2].
Mg alloys have received considerable attention as a structural
material in recent years due to their interesting properties, such as
low density, high strength-to-weight ratio, good damping char-
acteristics, superior machinability, and excellent castability [3–5].
Besides, Mg is a very promising candidate for biocompatible and
biodegradable applications in modern medicine [6]. Most of the
research and development on these alloys has been performed by
the automotive industry; and die casting has been the main
manufacturing route for Mg products because of the poor work-
ability of Mg at room temperature, which is a result of its HCP
crystal structure [7,8]. However, Mg die cast products have
considerable disadvantages, such as pin holes, porosity, cold shuts
and low strength. Moreover, die cast products do not meet the
required dimensional tolerances for precision parts and must be
heavily machined prior to use [9]. In fact, the market for Mg
products continues to grow; but many opportunities remain
peratures has considerable potential for Mg alloys because the 
worked alloys have greater strength and ductility than the castings 
[10,11].
Mg powder metallurgy combines the superior properties of Mg
with the advantages of powder metallurgy (PM) to produce high-
performance, net- or near-net-shaped parts, thus alleviating the
formability problem of Mg and its alloys and reducing or eliminat-
ing the capital and operating costs associated with intricate
machining operations. The surfaces of the Mg-based powders are
covered with a stable oxide layer of 3–5 nm, which strongly
inhibits sintering of these powders. Hence, the sintering of Mg-
based powders is generally regarded as unfeasible and proble-
matic [6]. Powder extrusion (PE) and powder forging (PF) are PM
processing methods that have been developed for the production
of fully dense, high-performance bulk materials from powder
mixtures. Compared with other PM routes such as sintering and
hot pressing (HP), the shear stresses involved in PE and PF make
them ideal processes for the production of bulk Mg products
from powder mixtures. These shear stresses can break the oxide
layer covering the surfaces of Mg-based powder particles, which
results in a well-bonded microstructure and superior after-
consolidation mechanical properties [12]. Furthermore, it is a
well-known fact that the mechanical properties of Mg alloys can
be effectively improved by refining their grain structures through
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untapped because of the relatively low stiffness and strength of 
these products. Fabrication by plastic forming at elevated tem-
peratures has considerable potential for Mg alloys because the 
recrystallization, which generally occurs during hot deformation of
these materials. Due to the limited number of slip systems of
Mg and its correspondingly large Taylor factor, grain refinement
remarkably improves the mechanical properties of both Mg and its
alloys. The fabrication of diverse Mg products using hot plastic
forming processes, such as extrusion, forging, and rolling, can
increase the consumption of Mg and its alloys [4].
A good understanding of the hot deformation behavior of a
material is extremely important in hot deformation processes such
as extrusion and forging [13–15]. Processing parameters, such as
deformation temperature and strain rate, and material factors,
such as microstructure of the starting material, are the main
factors affecting the hot deformation flow stress. Thus, several
studies have been performed to investigate the effect of both
processing parameters and materials factors on the hot deforma-
tion behavior of bulk Mg alloys [11,16–18]. The deformation
behavior of porous materials is different from that of bulk
materials. Pores present in the microstructure act as stress con-
centration points, limiting the amount of deformation to fracture
[19,20]. Moreover, the volume of voids is reduced during deforma-
tion, which results in an increase in density and densification.
In addition to strain hardening, densification during deformation
can enhance the flow stress of the material, which is known as
densification hardening [21]. In the case of powder-based porous
materials, such as powder compacts, due to friction between
particles, redundant work is required to weld powder particles
together, break welds between particles, and re-weld them
together [12]. Thus, information on the deformation behavior of
bulk Mg alloys may not be completely usable for the deformation
of porous alloys with similar chemical compositions. Nevertheless,
there are almost no systematic studies on the hot deformation
behavior of porous Mg alloys.
Among all of the existing Mg alloys, AZ91 is the most widely used
alloy in the industry [10,22]. Some researchers have successfully
applied hot deformation processes, such as hot compression [23],
extrusion [24], equal channel angular pressing (ECAP) [25], and hot
rolling [26], to as-cast AZ91 alloy and improved its mechanical
properties to broaden the application potential for this alloy. How-
ever, studies on the hot deformation behavior of AZ91 alloy are
relatively scarce [27,28]; and very limited data are available on this
alloy's workability characteristics. Therefore, this study focused on
the hot deformation behavior and workability characteristics of AZ91
Mg alloy powder compacts with a view to finding the optimum hot
working parameters. For this purpose, the approaches of processing
map and kinetic analysis have been adopted.
The processing map technique used in this study is based on
the dynamic materials modeling (DMM), and the efficiency of the
power dissipation (η) through microstructural changes during
deformation is given by [18,29]
η¼ 2m=ðmþ 1Þ ð1Þ
where m is the strain rate sensitivity of flow stress given by
“(∂log_ε)/(∂logs)”. The extremum principles of irreversible thermo-
dynamics as applied to the continuum mechanics of large plastic
flow were explored to define a criterion for the onset of flow
instability, given by
ξ¼ ð∂ln m=ðmþ 1Þ =∂ln_εÞ þm≤0 ð2Þ
The standard kinetic rate equation relating the flow stress (s) to
strain rate (_ε) and deformation temperature (T) is given by
_ε¼ Asnexpð−Q=RTÞ ð3Þ
where A is a constant, n is the stress exponent, Q is the activation
energy of hot deformation (J/mol), R is the gas constant
(8.31 J mol−1 K−1), and T is the absolute temperature (K).
2. Experimental procedure
The raw material used for this study was a pre-alloyed Mg–Al–
Zn powder (Ecka Granules, Germany) with a chemical composition
equivalent to that of AZ91 D alloy (8.8 wt% Al, 0.6 wt% Zn, 0.2 wt%
Mn, 0.03 wt% Si, and the balance Mg). Fig. 1 illustrates the
morphology and particle size distribution of the as-received
powder, showing that the powder particles possess the irregular,
plate-like morphology that is typical of Mg-based powders pro-
duced by the mechanical grinding of casting ingots. The average
particle size (D0.5) of the powder was measured to be 100 μm.
The above mentioned powder was uniaxially cold pressed at
600 MPa into cylindrical billets measuring 10 mm in diameter and
15 mm in height using no pressing lubricant. The green densities
of the powder compacts were measured to be 93% of the
theoretical value, or 1.81 g/cm3.
A graphite foil with a thickness of 0.05 mmwas placed between
the ends of the powder compacts and the anvils to minimize
friction during the hot compression test. Prior to the hot compres-
sion tests, the samples were resistance heated in an Ar atmosphere
to the required temperature at a heating rate of 3 1C s−1, then
maintained at the test temperature for 1 min to minimize thermal
gradients along the sample. Single-hit compression tests were
Fig. 1. (a) Morphology and (b) particle size distribution of the as-received AZ91 powder.
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performed using a servo-controlled Gleeble-3800 system
(Dynamic Systems Inc, USA) at strain rates of 0.001 s−1, 0.01 s−1,
0.1 s−1, 1 s−1, and 10 s−1 and deformation temperatures ranging
from 150 1C to 500 1C, which cover the entire hot working range of
Mg alloys. The specimens were deformed to a true strain of 0.8.
After hot compression, the samples were air-quenched to room
temperature. The load-stroke data were converted into true stress–
true strain curves using standard equations, which in turn used to
compute the efficiency (η) and instability (ξ) parameters as a
function of temperature and strain rate.
The hot-compressed specimens were sectioned in the center
parallel to the compression direction for the microstructural
analysis. The sectioned samples were then mounted, ground,
polished, and examined using optical microscopy (OM) and scan-
ning electron microscopy (SEM). Several samples were also etched
using acetic acid etchant (5 ml acetic acid, 95 ml water) prior to
optical imaging.
3. Results and discussion
3.1. Starting microstructure
Fig. 2(a) illustrates the cross-section microstructure of an AZ91
Mg alloy powder compact, showing that the microstructure of
AZ91 powder particles was comprised of a dark gray matrix in
which some gray phases were randomly distributed. The EDS
analyses (data not shown) determined that the dark gray matrix
was enriched in Mg while the gray precipitates were enriched in
Mg and Al. As the atomic numbers of Mg and Al are 12 and 13
respectively, SEM in backscattered electron (BSE) mode was not
capable of making an obvious contrast between the matrix of
powder particles and the precipitates containing Al. As a result,
these precipitates are highlighted using black ovals. The XRD
pattern of the as-received AZ91 powder is presented in Fig. 2(b).
As shown, the microstructure of AZ91 powder particles was
composed of the α-Mg solid solution phase (the dark gray matrix
of the powder particles) and the β-Mg17Al12 precipitates, i.e. the
gray precipitates in Fig. 2(a). This structure is typical of AZ91
castings.
AZ Mg casting alloys with a high content of Al normally contain
a large amount of β precipitates, which form during solidification
of these alloys. The β precipitates are generally considered to have
detrimental effects on mechanical properties and workability of
AZ Mg alloys. Therefore, casting ingots of AZ Mg alloys are usually
subjected to a solution treatment (heating to 415 1C and holding at
this temperature for 12–24 h) prior to any thermo-mechanical
processing [30]. However, some researchers believe that the β
precipitates may be beneficial to the hot deformation of AZ Mg
alloys [31]. In addition, elimination of the solution treatment and
direct use of the as-cast alloy for hot deformation can significantly
decrease the manufacturing cost of AZ Mg alloys wrought products
[32]. Considering all above, for this study no solution treatment
was performed on AZ91 Mg alloy powder compacts prior to hot
compression.
Unlike Al, most of the commercial Mg-based powders are
produced by mechanical grinding of as-cast ingots. As a result,
the constituent phases of these powders are similar to those of the
parent ingots. Powders produced by mechanical grinding have an
angular morphology (Fig. 1(a)). Due to the mechanical interlock-
ing, this morphology results in a good green strength. However,
the layer covering the surfaces of Mg-based powders produced by
mechanical grinding is typically thicker than that covering the
surface of atomized powders [33].
3.2. Flow stress curves
The true stress–true strain curves obtained at deformation
temperatures of 200 1C, 350 1C, and 450 1C and at different strain
rates are shown in Fig. 3(a), (b), and (c), respectively, and represent
typical deformation behavior at low (T≤200 1C), moderate
(250 1C≤T≤400 1C), and high deformation temperatures (450 1C≤T).
The specimens cracked severely or fragmented at every test
temperature and a strain rate of 10 s−1, resulting in a sharp or
gradual drop in the flow stress after its peak. The specimens again
cracked severely or fragmented at a strain rate of 1 s−1 and both
low and high deformation temperatures. Specimen cracking also
occurred at a strain rate of 1 s−1 and moderate temperatures,
although it is not reflected in the specimens' flow stress curves.
The true stress–true strain curves exhibited a peak at strain rates
less than or equal to 0.1 s−1, after which the flow stress increased
slightly or remained nearly constant. As the deformation tempera-
ture increased or the strain rate decreased, a decrease in the
peak stress level was observed. Moreover, a higher deformation
temperature or strain rate resulted in a lower work hardening rate.
At a deformation temperature of 450 1C, the flow behavior
at a strain rate of 0.1 s−1 was similar to that at strain rates of
1 s−1 and 10 s−1, suggesting that the cracking phenomenon was
more critical at higher deformation temperatures than at lower
temperatures.
Fig. 2. (a) Cross-section microstructure and (b) XRD pattern of the as-received AZ91 powder.
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During the deformation of porous materials at high tempera-
tures, hardening mechanisms, such as strain and densification
hardening, and softening mechanisms, such as dynamic recovery
and recrystallization, can occur simultaneously. At the beginning
of deformation, the dislocation density increases rapidly, which
leads to a sharp increase in the flow stress [34]. As deformation
continues, the activation of dynamic softening mechanisms can
partially or completely neutralize the effect of hardening mechan-
isms. As a result, the slope of the flow stress flattens and may even
become zero or negative.
3.3. Processing maps
The processing maps developed for strains of 0.1, 0.5, and
0.8 are shown in Fig. 4. The contour numbers in these figures
Fig. 3. True stress–true strain curves of the AZ91 Mg alloy powder compacts hot-
compressed at deformation temperatures of (a) 200 1C, (b) 350 1C, and (c) 450 1C
and at different strain rates.
Fig. 4. Processing maps of the AZ91 Mg alloy developed at strains of (a) 0.1, (b) 0.5,
and (c) 0.8.
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represent the efficiency of the power dissipation through dynamic
metallurgical mechanisms (η); and the hatched regions represent
regions of flow instability, where the instability parameter (ξ) is
negative. The regions labeled “Cracking” correspond to regions
with negative η values that resulted from the severe cracking or
fragmentation of the specimens during compression testing.
Although the features of the three maps are basically similar, the
alteration and expansion of instability and cracking regions with
increasing strain suggest that strain has an important effect on the
processing maps of AZ91 Mg alloy powder compacts.
As shown in Fig. 4, all of the processing maps include two
cracking regions located at higher strain rates and both low and
high deformation temperatures. Both regions expand significantly
with increasing strain. The increase in strain also affects the
instability regions. The instability region located at higher strain
rates and low deformation temperatures expands with increasing
strain. This expansion is particularly noticeable for “Log strain rate”
greater than −0.5 (strain rates greater than 0.3 s−1). However, the
increase in strain has a different effect on the instability region
located at high deformation temperatures. At “Log strain rate” less
than or equal to −1.5 (strain rates less than or equal to 0.03 s−1),
this instability region significantly shrinks toward higher deforma-
tion temperatures with increasing strain. On the contrary, at “Log
strain rate” greater than −1.5 (strain rates greater than 0.03 s−1),
the increase in strain slightly expands the instability region. This
expansion is more noticeable for “Log strain rate” greater than −0.5
(strain rates greater than 0.3 s−1), and the instability region
extends toward moderate deformation temperatures. Fig. 4 clearly
shows that the workability of AZ91 Mg alloy is not good at low and
high deformation temperatures. Consequently, cracking and
instability regions located at these temperatures expand with
increasing strain. This expansion, in turn, affects the domains with
high efficiency of the power dissipation (η). Then, the effect of
strain on these domains is of great importance and should also be
studied.
The processing map developed for a strain of 0.1 (Fig. 4(a))
exhibits two domains with high efficiency of the power dissipation (η).
These domains are normally considered as the suitable conditions for
hot deformation. Domain I shrinks slightly with increasing strain
(Fig. 4(b) and (c)). However, strains greater than 0.5 do not show any
shrinking effect on this domain, and domain I is basically similar for
the processing maps developed for strains of 0.5 and 0.8. In contrast
to domain I, the increase in strain greatly affects domain II. Both the
area and the peak efficiency of domain II decrease noticeably with
increasing strain. As shown in Fig. 4(c), the two instability regions
surrounding domain II are about to merge and to dissolve this
domain. Considering the effect of strain on domain II, this domain
cannot be considered as a safe and suitable domain for the hot
deformation of AZ91 Mg alloy powder compacts.
The map depicting a strain of 0.8 (Fig. 4(c)) exhibits a single
domain of stable flow (Domain I) with a peak efficiency of about
35% in the following temperature and strain rate ranges: 150–
300 1C and 0.001–0.01 s−1, which is considered as the appropriate
hot deformation window for AZ91 Mg alloy powder compacts. This
map also contains large flow instability and cracking regions at
both low and high deformation temperatures. These regions are
not suitable for hot working of the material. Considering the
incipient melting and solidus temperatures of the AZ91 Mg alloy,
which are 420 1C and 470 1C, respectively, the alloy's poor work-
ability at high deformation temperatures can be attributed to the
negative effect of the melting phenomenon on the material's
deformability.
Side views of the specimens hot-compressed at different
temperatures and strain rates to a strain of 0.8 are presented in
Fig. 5. The specimens experienced inhomogeneous deformation
(i.e., flow localization) and/or cracking in the instability regions
(the intensity of which increased with increasing strain rate) and
severely cracked or fragmented in the cracking regions. The AZ91
alloy exhibited good workability within domain I and produced
crack-free, uniformly deformed specimens, suggesting that the
developed processing maps successfully identified the safe domain
for the hot deformation of AZ91 Mg alloy powder compacts. As
expected, the specimens deformed within domain II exhibited
unacceptable surface quality and cracking.
The stress–strain curves obtained for domain I featured flow
hardening behavior with a low hardening rate. During the hot
deformation of porous materials such as the powder compacts
under study, flow hardening mechanisms such as strain and
densification hardening occur simultaneously. The latter mechan-
ism results from a continuous increase in density during deforma-
tion. Furthermore, domains such as domain I that possess a high
efficiency of the power dissipation (η) and good workability have
generally been associated with dynamic restoration mechanisms,
such as dynamic recovery and recrystallization [18]. At the begin-
ning of deformation, the dislocation density and the density of the
powder compact increase rapidly, which lead to a sharp increase
in the flow stress. However, as deformation continues, the activa-
tion of dynamic restoration mechanisms neutralizes the effect of
hardening mechanisms. Consequently, the slope of the true stress–
true strain curve flattens and deformation continues with a lower
work hardening rate.
3.4. Kinetics of hot deformation
The kinetic rate equation (Eq. (3)) is normally obeyed in the
deterministic domains of the processing map [35,36]. The varia-
tion of the flow stress at a strain of 0.1 (near peak flow stress) with
strain rate on a natural logarithmic scale is shown in Fig. 6(a).
The average slope of the straight-line fits obtained at the tem-
peratures and strain rates covering domain I of the processing map
developed for a strain of 0.1 was considered to be an estimate of
the value of m (the strain rate sensitivity of flow stress) for the
mentioned domain. Then, this value was used to calculate the
value of n (¼1/m, the stress exponent in Eq. (3)). The value of n
was determined to be 5.3 for domain I.
The value of “Ln (flow stress)” at a strain of 0.1 as a function of
“1000/T” (T: absolute deformation temperature) is shown in
Fig. 6(b). The average slope of the straight-line fits obtained at
the temperatures and strain rates covering domain I of the
processing map developed for a strain of 0.1 was used to calculate
the value of Q (the activation energy of hot deformation) for this
domain. The value of Q obtained from Fig. 6(b) was 75 kJ/mol,
which is significantly lower than those previously reported for the
hot compression of bulk AZ91 Mg alloy [9,27]. This can primarily
be attributed to the presence of pores in the structure of AZ91
powder compacts. Q is an indicator of the degree of difficulty of
deformation. Namely, as the deformation activation energy
increases, deformation becomes more difficult. The presence of
pores in the structure of porous materials reduces their resistance
to deformation [20]. Consequently, a powder compact has a lower
Q value than the bulk alloy with similar chemical composition and
microstructure.
It should also be considered that the value of Q has depen-
dences on many other factors, such as temperature range, alloy
composition, and the starting microstructure. In the previous
studies on hot deformation behavior of bulk AZ91 Mg alloy, the
alloy was solutionized prior to hot compression [9,27]. Then, the
alloying elements present in the chemical composition of AZ91
alloy, namely Al and Zn, can rationally be treated as mostly
dissolved in the α-Mg solid solution phase. However, in this study
no solution treatment was performed on AZ91 Mg alloy powder
compacts before hot compression tests, and microstructure of the
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mentioned compacts was composed of the β-Mg17Al12 precipitates
and the α-Mg solid solution phase. In other words, instead of being
in solution, a large quantity of the alloying elements was out of the
structure of α-Mg solid solution phase, forming the β-Mg17Al12
precipitates. Consequently, the lower Q value obtained in this
study can partly be attributed to the initial microstructure of AZ91
Mg alloy powder compacts. It is believed that the content of
alloying elements in solution has an important effect on the Q
value of AZ series Mg alloys and the Q value of this alloy series
increases with the increasing content of Al in solution (dissolved in
the α-Mg solid solution phase). This phenomenon can be ascribed
to the solute dragging effect of Al atoms in solution and the
precipitation of fine β particles during deformation (dynamic
aging), both reducing the mobility of dislocations and, as a result,
increasing the Q value [27].
3.5. Deformed microstructures
As-deformed microstructure of the specimen hot-compressed
at a strain rate of 0.001 s−1 and a deformation temperature of
200 1C is shown in Fig. 7(a). The interfaces of initial powder
particles are still recognizable in the deformed microstructure,
although almost all of these interfaces are aligned perpendicular to
the compression direction, implying the rearrangement and
remarkable deformation of powder particles through hot
compression. Some porosity is also present in the deformed
microstructure.
The etched microstructures of the specimens deformed at a
strain rate of 0.001 s−1 and at deformation temperatures of 200 1C
and 300 1C (corresponding to domain I of the developed proces-
sing maps) are shown in Fig. 7(b) and (c) respectively. The
microstructure of the specimen deformed at 200 1C (Fig. 7(b))
does not show any sign of dynamic recrystallization, suggesting
that dynamic recovery (DRV) is the active restoration mechanism
at the lower temperatures of domain I. Nevertheless, the specimen
deformed at 300 1C has a fine, equiaxed grain structure (Fig. 7(c)),
which confirms the occurrence of dynamic recrystallization (DRX)
at the higher temperatures of domain I. The equiaxed grain
structure of the specimen deformed at a strain rate of 0.001 s−1
and a deformation temperature of 400 1C (Fig. 7(d)) also verifies
the occurrence of DRX at this deformation temperature. However,
remarkable grain growth suggests that 400 1C is not suitable for
hot deformation of AZ91 Mg alloy powder compacts.
As shown above, the restoration mechanism acting in domain I
of the developed processing maps is controlled by deformation
temperature, and DRX becomes active at the higher temperatures
of domain I, which results in a fine, equiaxed grain structure for
the specimen deformed at 300 1C and 0.001 s−1 (Fig. 7(C)). More-
over, it is reported that a higher deformation temperature devel-
ops better bonding between powder particles through hot
deformation, which then leads to a better ductility and tensile
Fig. 5. Side views of the specimens hot-compressed at different temperatures and strain rates to a strain of 0.8.
Fig. 6. (a) Variation of flow stress (strain 0.1) with strain rate on a natural logarithmic scale for the AZ91 Mg alloy powder compacts. (b) Arrhenius plot showing the variation
of flow stress (strain 0.1) with inverse of absolute deformation temperature for the AZ91 Mg alloy powder compacts.
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properties for the bulk material consolidated from powder com-
pacts [37]. Considering all above, the optimum condition for hot
deformation of AZ91 powder compacts is determined to lie
between 275–325 1C and 0.001–0.01 s−1.
4. Conclusions
This research examined the hot deformation behavior and
workability characteristics of AZ91 Mg alloy powder compacts
with a relative green density of 93% using hot compression tests
over a wide range of deformation temperatures and strain rates
and a processing map technique. The main conclusions derived
from this study are the following:
(1) Strain was found to have important effects on the processing
maps of AZ91 Mg alloy powder compacts, although the
processing maps developed for different strains had similar
features.
(2) The processing maps contained a safe domain for hot defor-
mation, in which the stress–strain curves exhibited a peak,
after which the flow stress increased slightly or remained
nearly constant.
(3) The value of Q (hot deformation activation energy) calculated
for the above-mentioned domain (75 kJ/mol) was lower than
those previously reported for the hot compression of bulk
AZ91 Mg alloy, which was attributed to the presence of pores
in the structure of powder compacts and the starting micro-
structure of the AZ91 Mg alloy.
(4) The fine, equiaxed grain structure of the specimen deformed at
300 1C and 0.001 s−1 confirmed the occurrence of DRX at the
higher temperatures of the safe domain for hot deformation.
Considering the domain identified in the processing maps and
the microstructures of the hot-compressed specimens,
the optimum condition for hot deformation of AZ91 powder
compacts was determined to lie between 275–325 1C and
0.001–0.01 s−1.
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